Nucleotide sequence analysis of one of several tRNA genes cloned from Tetrahymena thermophila macronuclear DNA indicated that it corresponds to a tRNA species having TTA as anticodon. Subsequently, the tRNA species corresponding to that gene was isolated and its nucleotide sequence was determined by post-labeling techniques. The nucleotide sequence was found to be
Tetrahymena is a ciliate protozoan with many unique biological properties. With the purpose of studying its molecular evolution, we have been characterizing the nucleotide sequences and types of post-transcriptional modification of tRNAs from Tetrahymena thermophila. From a comparison of the sequence of Tetrahymena initiator tRNA with those of other species, we previously suggested that divergence of Tetrahymena occurred before animal/plant divergence (1) . As a continuation of work in this area, we have been isolating tRNA genes in order to elucidate the type of transcription control mechanisms in Tetrahymena. During the course of nucleotide sequence analysis of cloned tRNA genes isolated from the macronuclear gene library, we have found that one of the tRNA genes contained TTA as the anticodon sequence. This finding prompted us to isolate a tRNA species corresponding to this unique tRNA gene. A tRNA species was purified by successive column chromatographies from unfractionated Tetrahymena tRNAs and, finally, by twodimensional polyacrylamide gel electrophoresis, and its nucleotide sequence was determined by post-labeling techniques. Nucleotide sequence analysis of the tRNA indicated that it exactly coincides with the DNA sequence of the tRNA gene previously isolated, and the anticodon was found to be UmUA, which presumably recognizes the UAA termination codon. This purified tRNA species was exclusively aminoacylated by glutamine. It was recently reported that certain other ciliate genes contain an internal TAA codon (2) . Together with these observations, our finding that UAA specifies glutamine in Tetrahymena suggests that use of this termination codon as an amino acid codon may be a general feature of protein synthesis in ciliates. 18 ,000 x g for 10 min to remove insoluble material, the solution was mixed with an equal volume of glycerol and stored at -20°C. Assay of amino acid acceptance of Tetrahymena tRNA was performed in a reaction mixture (100 ,l) containing 0.05 M Tris HCl (pH 8.0), 3 mM magnesium acetate, 2 mM ATP, 10 mM KC1, 5 mM 2-mercaptoethanol, 0.1 uCi of 14C-labeled amino acid (specific activity, 150-450 mCi/mmol; 1 Ci = 37 GBq), and appropriate amounts of aminoacyl tRNA synthetase and tRNA. After incubation at 30°C for 20 min, the acid-insoluble radioactivity was counted as described (3).
MATERIALS AND METHODS
Tetrahymena macronuclear DNA was prepared by using a Nucleopore filter according to the procedures described by Iwamura et al. (4) . Macronuclear DNA was partially digested with EcoRI and ligated into bacteriophage X Charon 21A. The gene library was screened with 5'-32P-labeled Tetrahymena tRNA partially purified by column chromatographies. From 10,000 recombinant phages, three positive clones were selected (details to be described elsewhere). 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 8000 Ci/mmol) were purchased from New England Nuclear. Restriction endonucleases were purchased from New England Biolabs, Bethesda Research Laboratories, or Takara Shuzo. Other enzymes and chemicals used for sequence analysis of tRNA by post-labeling procedures were the same as in previous studies (6, 7) .
RESULTS
Cloning and Nucleotide Sequence of a tRNA Gene Having TTA as the Anticodon. To obtain Tetrahymena tRNA genes, macronuclear DNA was isolated from T. thermophila, and partially digested with EcoRI restriction endonuclease. The DNA fragments were ligated into X Charon 21A vector DNA. For selection of clones containing tRNA genes, several fractions of partially purified cytoplasmic Tetrahymena tRNA were used as a probe, after labeling at the 5' end with 32p by polynucleotide kinase. One of the clones thus isolated contained a DNA insert of 2.5 kilobase pairs (kbp), which hybridizes to a tRNA fraction eluted by 1.5 M NaCl/6% ethanol, which was used as a probe. The restriction map of the insert DNA made by the use of several restriction endonucleases is shown in Fig. 1 . Southern hybridization analysis using the same 32P-labeled tRNA as a probe indicated that both DNA fragments of 1.9 kbp and 640 bp, produced by HindIll digestion of the insert DNA, contain sequence(s) complementary to the tRNA. The nucleotide sequence of the Hindfll/EcoRI DNA fragment of 640 bp, containing one of the tRNA genes, was determined by the dideoxy sequencing method (Fig. 2) . The nucleotide sequence from DNA residues 212-283 can form a typical cloverleaf structure (Fig. 3) , satisfying all common features of tRNA molecules. The only unusual property of this tRNA gene is that its anticodon is TTA, corresponding to the UAA termination codon.
The partial nucleotide sequence of the 1.9-kbp DNA fragment suggested that two tRNA genes, each of which contains the identical sequence and polarity as the tRNA gene found in the 0.64-kbp DNA fragment, are located in this larger DNA fragment (Fig. 1) .
Isolation and Nucleotide Sequence of tRNA Having UUA Anticodon. To prove that the UAA suppressor tRNA gene is actually transcribed, we sought to isolate the corresponding tRNA from total unfractionated tRNA. A fraction of 2 M NaCl/20% ethanol eluate from a BD-cellulose column was further purified by RPC-5 column chromatography (5), and a pure tRNA species that specifically hybridizes to the cloned tRNA gene was finally obtained by two-dimensional polyacrylamide gel electrophoresis. The total nucleotide sequence ofthe purified tRNA was determined by post-labeling procedures (6) , and it is shown in Fig. 4 2'-0-methyluridine (Um). Identification of the modified nucleoside as Um was based on its mobilities in twodimensional thin-layer chromatography using two different solvent systems (Fig. 5) 
DISCUSSION
Deviations in the genetic code have been previously found in the mitochondrial genomes of mammalian cells, yeast, Neurospora, and Drosophila (11) (12) (13) (14) . In mitochondria of these organisms, a termination codon, UGA, is always used as the tryptophan codon; in addition, codon usage differs for other amino acids (11) (12) (13) (14) (15) . Another divergence from the universal coding rule was also recently found in Mycoplasma capricolum, in which UGA is used as a tryptophan codon (16) . In addition, Dudock and co-workers (17) and Harada and co-workers (18) showed the presence of UGA suppressor serine tRNA in mammalian cytoplasm, although it is not known at present whether or not such UGA suppressor tRNA is actually used in protein synthesis in vivo. Thus far, no clear evidence is available showing divergence from the universal code in the nuclear genomes of eukaryotes. Our results showing the presence of a UAA suppressor glutamine t tRNA (tRNAmUA) from Tetrahymena is now the only known case found in eukaryotes. Its nuclear origin has been confirmed by isolation of the corresponding tRNA gene from macronuclear DNA of the same organism.
Recently, E. Helftenbein, J. Preer, and F. Caron had presented in the meeting on ciliate molecular genetics that in ciliate genes such as Stylonichia a-tubulin gene and Paramecium surface antigen genes, the stop codon, UAA, occurs internally in all three reading frames (2). These results agree quite well with our findings and imply that tRNA8MUA from the ciliate Tetrahymena is actually used in protein synthesis in vivo, recognizing UAA as the internal codon. were loaded onto a BD-cellulose column (100 x 1 cm), which was then washed with 0.02 M sodium acetate, pH 6.0/1.2 M NaCl. The remaining tRNAs were fractionated with a linear gradient formed by using 400 ml of 0.02 M sodium acetate, pH 6.0/1.2 M NaCl in the mixing chamber and 400 ml of 0.02 M sodium acetate, pH 6.0/2.0 M NaCl/20% ethanol in the reservoir. Gradient elution was begun as indicated by the vertical arrow. Each fraction contained 5 ml of the effluent. Fractions 60 to 100 were assayed for amino acid acceptor activity by using a crude Tetrahymena aminoacyl-tRNA synthetase preparation. Fourteen amino acids were used in the acceptor assay (alanine, asparagine, cysteine, glycine, threonine, and tryptophan were not used), but activity was observed only with glutamine, tyrosine, and serine.
The cloverleaf structure of tRNAUMUA possesses the usual common features of tRNA, and it is unremarkable compared with other eukaryotic tRNA species. As modified nucleoside constituents, it contains m2G, D, Cm, Um, i6A, q1, m5C, and mIA. Unmodified uridine is found at residue 54, in place of the usual ribosylthymine. The first position of the anticodon is modified to Um (tentatively characterized based on its mobilities in two-dimensional thin-layer chromatography).
According to the "wobble" hypothesis (19) , U in the first anticodon position of tRNA can also recognize G, as well as A, although such tRNAs having unmodified U in this position are rarely found in nature (10) . Uridine in the first anticodon position is frequently modified to either 2-thiouridine derivatives or 5-substituted uridine (10) . In this connection, the finding of Um in the position of the anticodon is the first report of its occurrence in this site. The question then arises whether or not tRNAGUA can also recognize the UAG termination codon. It should be noted that the only termination codon identified in ciliate genes sequenced so far is UGA (20, 21) . Another question is whether tRNA8MUA can recognize the tyrosine codons, UAU and/or UAC, resulting in miscoding. Answers for these question can be obtained by future biochemical work using pure tRNA8rnUA.
It will be interesting to find out in future studies how tRNAUMUA is related to other tRNA species of Tetrahymena. It may be derived from the major species of tRNAGIn by mutation of G to A in the third position of the anticodon during the course of evolution. By having a base alteration from G to A, the i6A synthesizing modification enzyme may then become able to recognize tRNAGU~nUA to synthesize i6A at residue 37. Another possibility is that tRNA81mUA is derived from some other tRNA species, as in the case of Escherichia coli psu7+tRNA'rP (22) or psu3+tRNATYr (23), in Tetrahymena evolution. In this case, amino acid recognition of the mutated tRNA is changed from the original amino acid to glutamine by alteration of nucleotides at the anticodon with or without changes at other locations. These possibilities can be tested during future nucleotide sequence analysis of Tetrahymena major tRNAG n, tRNATrI, tRNATYr, tRNASer, tRNAGlU, tRNALYS, and tRNALeu.
Finding glutamine coded by UAA in Tetrahymena raises an interesting question as to the evolution ofthis organism. Ifthe mutation that evolved tRNAUMUA occurred after prior usage of UAA as a terminator, it is rather difficult to imagine how UAA terminators, used as a normal stop codon in many nuclear genes, could all be replaced by another stop codon coincident with introduction of tRNA8GmUA, in such a complex organism. One possibility to overcome this problem is that tRNA8U1UA possesses some unique property and is able to insert glutamine only at internal UAA codons of structural genes. Another possibility is that efficiency of glutamine incorporation into protein in response to the UAA codon is quite low, like suppression by tRNA in bacteria, and therefore most UAA stop codons are operative as terminators, while efficiency of completion of translation of UAA-containing protein is low. This latter possibility is unlikely, however, because the amount of tRNAU8UA is quite abundant. Thus, it is suggested that UAA is not used at all as a stop codon in Tetrahymena, and that it is very likely that Tetrahymena evolved independently at a very early time in evolutionary history.
It will be interesting to search for the presence of tRNA81mUA in other organisms, especially in other species of ciliates, to correlate with their phylogenetic tree. Our isolation of a cloned DNA corresponding to tRNAGUA, as well as tRNAUMUA itself, will facilitate such studies.
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